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ABSTRACT
The Ku heterodimer serves in the initial step in
repairing DNA double-strand breaks by the non-
homologous end-joining pathway. Besides this key
function, Ku also plays a role in other cellular pro-
cesses including telomere maintenance. Inactivation
of Ku can lead to DNA repair defects and telomere
aberrations. In model organisms where Ku has been
studied, inactivation can lead to DNA repair defects
and telomere aberrations. In general Ku deficient mu-
tants are viable, but a notable exception to this is hu-
man where Ku has been found to be essential. Here
we report that similar to the situation in human Ku is
required for cell proliferation in the fungus Ustilago
maydis. Using conditional strains for Ku expression,
we found that cells arrest permanently in G2 phase
when Ku expression is turned off. Arrest results from
cell cycle checkpoint activation due to persistent sig-
naling via the DNA damage response (DDR). Our re-
sults point to the telomeres as the most likely source
of the DNA damage signal. Inactivation of the DDR
makes the Ku complex dispensable for proliferation
in this organism. Our findings suggest that in U. may-
dis, unprotected telomeres arising from Ku depletion
are the source of the signal that activates the DDR
leading to cell cycle arrest.
INTRODUCTION
Repair of DNA double strand breaks (DSBs) is critical for
maintenance of genome integrity. Failure to repair DSBs
properly can result in chromosomal abnormalities, sensitiv-
ity to genotoxins, and cell death. Cells rely on either ho-
mologous recombination (HR) or non-homologous end-
joining (NHEJ) to repair such lesions (1). While HR en-
sures accurate repair, NHEJ is often error prone. In a
number of organisms, including mammalian cells, NHEJ
is the preferred mechanism of DSB repair (2,3). Crucial
for NHEJ is the Ku70/Ku80 heterodimer or Ku com-
plex, which binds and stabilizes the ends of broken DNA
molecules. Ku70/Ku80 also facilitates the recruitment of
downstream factors that mediate NHEJ (4).
The Ku complex also has key roles in a number of other
fundamental cellular processes such as telomere mainte-
nance, transcription and apoptosis (5). However, while the
function of the Ku complex in NHEJ is well conserved
among eukaryotes, the other roles are more species-specific.
A paradigmatic case is the role of Ku in telomere mainte-
nance (6). The Ku heterodimer is required for proper telom-
ere function in multiple species, and deletion of either Ku
subunit results in telomere defects (7). However, the precise
defects engendered byKu deletion seem to depend upon the
particular telomere biology of the species in question. For
instance, in budding yeast, loss ofKu leads tomodest telom-
ere shortening and elevated levels of telomeric recombina-
tion (8–10), while in Arabidopsis thaliana loss of Ku results
in massive telomeric expansion and a rampant increase in
telomeric recombination (11,12). In metazoans, the conse-
quence is even more unpredictable. In chicken cells, loss of
Ku has no effect on telomeres (13). But in mice there are
conflicting reports of either slight telomere expansion or
significant telomere shortening for similar strains (14,15).
In any event, the most striking effect of Ku deficiency arises
in human cells, where the Ku complex is essential for via-
bility and is required to prevent unrestrained telomere loss
(16,17). Why Ku is essential in cells from one organism and
dispensable in others is unknown. Understanding these dif-
ferences will advance our general knowledge of how telom-
eres differ among species.
Ustilago maydis, a basidiomycete fungus developed as a
model organism to study DNA repair (18), has certain fea-
tures of its recombinational repair system more in common
with metazoans than the standard yeast systems and also,
unlike standard yeasts, has telomeres with the same 6-bp
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repeat as in metazoans. Recently we showed that Brh2, a
key component of the HR pathway and the U. maydis or-
tholog of the breast cancer susceptibility protein BRCA2,
promotes the maintenance of normal telomere lengths in
telomerase positive cells (19), just like in mammals (20). As
a follow-up from that study we were interested in examining
how Ku deficiency might influence telomere lengths. How-
ever, we encountered an unanticipated difficulty in not be-
ing able to generate mutants deleted of the Ku structural
genes. In this investigation, we explored the reason for the
failure to obtain such mutants and found that Ku is essen-
tial for cell viability in U. maydis. We explored the molec-
ular mechanism for this essential function and came to the
conclusion that it results from the ability of the Ku com-
plex to suppress unscheduled activation of the DNA dam-
age response (DDR) at telomeres. This unscheduled activa-
tion causes a stringent cell cycle arrest and thus a loss of
the cells’ ability to proliferate. These findings suggest that
telomere regulation inU.maydis shares features with the hu-
man system and could serve as a paradigm to gain insights
on human telomere biology.
MATERIALS AND METHODS
Strains and growth conditions
Ustilago maydis strains are derived from FB1 genetic back-
ground (21) and are listed in Supplementary Table S1. Cells
were grown in rich medium (YPD) or minimal medium
(MMD) (22). Controlled expression of genes under the nar1
promoter, and FACS analysis were performed as described
previously (23,24).
Strains and plasmid constructions
Plasmid pGEM-T easy (Promega) was used for cloning,
subcloning and sequencing of genomic fragments and frag-
ments generated by polymerase chain reaction (PCR).
Oligonucleotides used in this study are described in Supple-
mentary Table S2. To construct the different strains, trans-
formation of U. maydis protoplasts with the indicated con-
structions was performed by standard procedures (25). In-
tegration of the disruption cassette into the corresponding
loci was verified in each case by diagnostic PCR and subse-
quent Southern blot analysis.
To produce the uku80nar1 allele, fragments from the
promoter (5′ fragment) and the Open Reading Frame
(ORF) region (3′ fragment) were ligated to pRU2 (26) di-
gested with NdeI and EcoRI. The 5′ fragment (flanked by
EcoRI and PacI) was produced by PCR using the primers
Ku80-2 and Ku80-3. The 3′ fragment (flanked by NdeI
and PacI) was obtained by PCR amplification with primers
Ku80-4 and Ku80-5. The resulting plasmid pUKU80nar1
was integrated, after digestion with PacI, by homologous
recombination into the uku80 locus.
To produce the uku70nar1 allele, a pair of fragments
(one from the promoter region and the other encoding
the Uku70 N-terminal region) were amplified using the
primer pairs Ku70-2/Ku70-3 and Ku70-4/Ku70-5, respec-
tively. These fragments were ligated to pRU2 (26) that had
been digested with NdeI and EcoRI. The resulting plasmid
pUKU70nar1 was integrated, after digestion with PacI, by
homologous recombination into the uku70 locus.
Deletion of mre11, rec1, exo1 and rad51 genes was done
by gene replacement following published protocols (27).
Briefly, a pair of DNA fragments flanking the correspond-
ing ORF were amplified and ligated to antibiotic resistance
cassettes via SfiI sites. The 5′ and 3′ fragments were ampli-
fied using the appropriate oligonucleotide pairs. Each frag-
ment was about 1 kbp in length.
For C-terminal fusion of proteins to fluorescent mark-
ers, the adaptation of the SfiI-dependent gene replacement
strategy for C-terminal tag was used (28). To produce Pot1-
cherry and Mre11-3GFP, the 5′ and 3′ fragments of Pot1
and Mre11 were generated by PCR, digested with SfiI
and ligated to a cassette carrying a cherry-encoding gene
and a triple GFP-encoding gene, respectively. Rad51-GFP,
Cut11-RFP and Chk1-GFP fusions were already described
(29).
To construct the mre11H228N mutant allele, we used a
two-step mutagenesis protocol involving overlapping PCR.
The His228 residue was replaced with Arg. This change de-
stroyed a DraIII restriction site that was used to track the
mutation by PCR amplification of genomic DNA.
Genetic screen for suppressors
Around 109 cells of a strain carrying the uku70nar1 allele
grown in MMD were irradiated with UV (600 J/m2) un-
til only 10% of the cells survived. These cells were plated
in YPD plates and proliferating colonies were re-isolated.
The lack of expression of the uku70nar1 allele in these clones
in restrictive conditions was confirmed by RT-PCR as de-
scribed in Supplementary Figure S3. Twenty independent
clones that showed proliferation in YPD and no expression
of uku70nar1 allele were selected for further analysis.
Protein analysis
Protein extraction and western blotting were performed us-
ing standard procedures (30). To detect the phosphorylated
and non-phosphorylated forms of Cdk1, commercial an-
tibodies were used as described (31). To detect the phos-
phorylated forms of Chk1, immunoprecipitates from cell
extracts from strains carrying a myc-tagged form of Chk1
were subjected to sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) in 8% acrylamide/0.1%
bisacrylamide, pH 9.2, gels (32). Blots were incubated with
anti-myc-horseradish peroxidase and visualized using a
chemiluminescent substrate.
Telomere analysis
Standard telomere southern analysis was performed using
established protocols with the modifications described pre-
viously (19). Two-dimensional gels were performed as de-
scribed previously (33), with some modifications during
DNA extraction. Briefly, 200 ml of strain cultures grown in
the appropriate medium until OD600 = 1.0 were collected
and treated with Novozyme to produce protoplasts as de-
scribed (25). Protoplasts were resuspended in NIB buffer
(17% glycerol, 50 mM MOPS buffer, pH 7.5, 150 mM K
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acetate, 2 mM MgCl2, 500 M spermidine, 150 M sper-
mine) to break the cells and isolate the nuclei. After this, the
genomic DNAwas extracted with the Qiagen Genomic Ex-
traction kit, precipitated with isopropanol and washed with
70% ethanol. DNA was finally resuspended in TE (10:1)
and digested.
Microscopy
Images were obtained using a Nikon Eclipse 90i fluores-
cence microscope with a Hamamatsu Orca-ER camera
driven by Metamorph (Universal Imaging, Downingtown,
PA, USA). Images were further processed with Adobe Pho-
toshop CS software.
RESULTS
Downregulation of the uku70 and uku80 genes in U. maydis
results in G2 phase cell cycle arrest
Attempts to delete the genes encoding Ku70 or Ku80 in U.
maydis (uku70 and uku80, respectively; Supplementary Fig-
ure S1) by standard disruption procedures were unsuccess-
ful, raising the notion that Ku70/80 complex is essential for
viability. This was unanticipated since Ku structural genes
in a number of fungal species, including ascomycete yeasts
as well as basidomycetes such as Cryptococcus neoformans
and Coprinopsis cinerea (34,35) have been deleted with no
major effects on proliferation. In fact, the only organism
yet reported where an essential role of the Ku proteins has
been described is human (16,17). To address this possibil-
ity, we inactivated one uku70 or uku80 allele in a diploid
strain, replacing it with a hygromycin-resistance cassette to
generate the corresponding null allele. When the meiotic
progeny of these strains were analyzed after sporulation, no
hygromycin-resistant cells were found, indicating that both
uku70 and uku80 are essential genes in U. maydis (Supple-
mentary Figure S2).
To characterize the Ku-encoding genes in U. maydis in
more detail we constructed conditional alleles of both the
ku70 and ku80 genes by exchanging their native promot-
ers with the regulable nar1 promoter (Supplementary Fig-
ure S3A). This promoter is active when cells are grown in
nitrate as the nitrogen source (MMD, minimal medium),
but is repressed when cells are grown in ammonium or
amino acids as nitrogen source (YPD, rich medium). Re-
pressing uku70 or uku80 expression (Supplementary Figure
S3B) resulted in a drastic growth impairment of the strains
on solid medium (Figure 1A) as well as in liquid medium
(Supplementary Figure S4A). The decrease in growth is
more clearly observed in the uku70nar1 strain, most likely
because of some leakiness in the uku80nar1 allele. We won-
dered whether this growth defect correlated with some de-
fect in cell cycle. In U. maydis, the cell cycle stage can be
easily monitored by analysis of the cell morphology (36).
Microscopic examination of the conditional strains growing
in YPD (restrictive condition) revealed the accumulation of
cells with large buds. These cells carried a single nucleus, and
an intact nuclear envelope (Figure 1B, inset) as determined
by staining with the DNA dye DAPI and nuclear envelope
marker Cut11-RFP. Since bud formation occurs in U. may-
dis during the G2 phase and entry into mitosis is accompa-
nied by nuclearmembrane extrusion (36), thesemicroscopic
observation strongly suggest that these cells were arrested
at the G2 phase. FACS analysis (Figure 1C) indicates that
cells of the conditional strains grown in restrictive condi-
tions have 2C DNA content, corroborating the assumption
that Ku-conditional cells were arrested at the G2 phase in
restrictive conditions.
In summary, these results indicate that down-regulating
Ku expression blocks cell proliferation and causes cells to
arrest at the G2/M transition.
Disabling theDNAdamage response suppresses the essential-
ity of Ku
As it is known that Ku plays an important role in the NHEJ
pathway of DNA repair (37), it seemed possible that the
essentiality of Ku proteins in U. maydis might be related
to a DNA repair defect. However, we considered this un-
likely because the HR pathway appears to be the predomi-
nant mode of repair of DSBs inU. maydis and because cells
deleted for dnl4, the gene encoding DNA ligase IV that is
required for NHEJ (37), were not affected in their ability to
proliferate (Supplementary Figure S5).
In Saccharomyces cerevisiae yku70 mutants are unable
to proliferate at high temperature as a consequence of a
G2/M cell cycle arrest (38). However, deletion of the gene
encoding the 5′-3′ exonuclease Exo1 strongly suppresses this
growth defect (38).We deleted the gene encoding Exo1 inU.
maydis (39), but observed no suppression or alleviation of
the growth inhibition upon uku70 down regulation (Supple-
mentary Figure S6).
To understandwhyKuproteins are essential inU.maydis,
we performed a genetic screen to isolate extragenic suppres-
sors of the uku70nar1 conditional allele. Following mutage-
nesis we isolated 20 independent mutants that were able to
grow in conditions of uku70 repression. The recovered mu-
tants exhibited variable sensitivity to either ultraviolet irra-
diation or the DNA replication stressor hydroxyurea (HU)
(Supplementary Figure S7), a phenotype we had observed
before with the chk1 and atr1 mutants encoding compo-
nents of the DDR pathway (29,32,40). Indeed, we found
that some of the mutant isolates were rescued (in terms of
DNA damage sensitivity) with a plasmid carrying chk1 or
a plasmid carrying atr1 (Supplementary Figure S7). These
observations suggest a connection between loss of Ku and
the DDR pathway.
To confirm that disabling the DDR pathway inU. maydis
suppresses the essentiality of the Ku proteins for prolifera-
tion, we deleted either the chk1 or the atr1 gene in the Ku
conditional strains. Although the deletion of chk1 or atr1
has some effect on the ability of control cells to grow (more
pronounced in the case of atr1mutants, see Supplementary
Figure S4B and C), the absence of either Chk1 or Atr1 in
cells depleted of Ku proteins enabled these cells to prolifer-
ate (Figure 2A, Supplementary Figure S4B and C). More-
over, in these double mutant strains the G2 cell cycle arrest
was suppressed as evident from the analysis of themorphol-
ogy of the cells (a mixture of budded and non-budded cells)
as well as from FACS analysis (Figure 2B and C).
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Figure 1. Ku complex is required for proliferation in U. maydis. (A) Growth of conditional strains in solid medium. Serial 10-fold dilutions of FB1 (WT),
UCS33 (uku70nar1) and UCS30 (uku80nar1) cultures were spotted on solid rich medium (YPD) and minimal medium with nitrate (MMD). YPD plates
were incubated for 2 days and the nitrate plates for 4 days at 28◦C. (B) Morphology of wild-type (UMP132), uku70nar1 (UCS34) and uku80nar1 (UCS37)
cells incubated for 8 h in permissive (MMD) and restrictive (YPD) conditions. All cells were shown at the same magnification, Bar: 15 m. Note that
the uku70nar1 and uku80nar1 mutants in YPD showed buds substantially more enlarged and elongated, which are characteristic of G2 arrested cells (white
stars). Inset showed the nucleus of a representative cell. Nuclear membrane (red) was visualized using Cut11-RFP and DNA (blue) was visualized upon
staining with DAPI. (C) FACS analysis of FB1 (WT), UCS33 (uku70nar1) and UCS30 (uku80nar1) cell DNA content after 8 h of incubation in permissive
(minimal medium with nitrate, MMD) or restrictive conditions (rich medium, YPD). 1C and 2C indicate haploid and diploid DNA content. The shift to
a DNA content higher than 2C observed in conditional cells incubated in YPD was due to mitochondrial DNA staining (31).
 at Centro de Inform
aciÃ³n y DocumentaciÃ³n CientÃ-fica on June 8, 2015
http://nar.oxfordjournals.org/
D
ow
nloaded from
 
2142 Nucleic Acids Research, 2015, Vol. 43, No. 4
Figure 2. Disabling the DNA damage response suppressed the requirement of Ku for proliferation of U. maydis cells. (A) Serial 10-fold dilutions of FB1
(WT), UMP122 (chk1), UCS1 (atr1), UCS33 (uku70nar1), UCS35 (uku70nar1 chk1), UCS40 (uku70nar1 atr1), UCS30 (uku80nar1), UCS39 (uku80nar1
chk1) and UCS44 (uku80nar1 atr1) cultures were spotted on solid rich medium (YPD) and minimal medium with nitrate (MMD). YPD plates were
incubated for 2 days and the nitrate plates for 4 days at 28◦C. (B) Morphology of uku70nar1 (UCS33), uku80nar1 (UCS30), uku70nar1 chk1 (UCS35),
uku70nar1 atr1 (UCS40), uku80nar1 chk1 (UCS39) and uku80nar1 atr1 (UCS44) cells incubated for 8 h in restrictive conditions (YPD). All cells were
shown at the same magnification, Bar: 15 m. (C) FACS analysis of FB1 (WT), UCS33 (uku70nar1), UCS35 (uku70nar1 chk1), UCS40 (uku70nar1 atr1),
UCS30 (uku80nar1), UCS39 (uku80nar1 chk1) and UCS44 (uku80nar1 atr1) after 8 h of incubation in permissive (minimal medium with nitrate, MMD)
or restrictive conditions (rich medium, YPD). 1C and 2C indicate haploid and diploid DNA content.
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Absence of Ku blocks cell proliferation by triggering theDNA
damage checkpoint
InU. maydis activation of the DDR pathway results in a G2
cell cycle arrest (32). The results here showing the same ar-
rest upon Ku depletion and suppression of Ku essentiality
by loss of Chk1 or Atr1 imply that the absence of Ku acti-
vates the DNA damage checkpoint. Activation of the DDR
is marked by phosphorylation of Chk1 and by its relocal-
ization into the nucleus. To test whether the DDR is acti-
vated by Ku depletion we used fluorescence microscopy to
track accumulation of GFP-tagged Chk1 in the nucleus of
live cells, and we monitored increased phosphorylation of
Chk1 by looking for a mobility shift of myc-tagged Chk1
following SDS-gel electrophoresis and western blot analy-
sis (32). Upon depletion of the Ku proteins, we observed
that Chk1-GFP accumulated in the nucleus of almost all the
cells (Figure 3A andB) and thatmyc-taggedChk1 exhibited
reduced electrophoretic mobility indicative of hyperphos-
phorylation (Figure 3C). These results support the notion
that Ku depletion activates the DDR.
It was shown previously that activation of Chk1 in U.
maydis results in the inhibition of Cdc25, the protein phos-
phatase that removes the Wee1-mediated inhibitory phos-
phorylation of Cdk1 (31,41). As a result of this inhi-
bition, Tyr15-phosphorylated Cdk1 accumulates and the
cells are unable to enter mitosis (32,42). We analyzed
the level of inhibitory phosphorylation in cells depleted
of Ku70, and as expected, observed an increase in the
Tyr15-phosphorylation of Cdk1 and a reduction in Tyr15-
phosphorylation when chk1 was removed (Figure 3D and
E).
All together these results suggest that the likely reason
for the essentiality of Ku proteins in U. maydis is the acti-
vation of the DDR pathway, which results in a permanent
G2 cell cycle arrest. If so, then bypassing the cell cycle arrest
should render the Ku proteins dispensable for proliferation.
One way to bypass arrest is to substitute a Cdk1 variant
that is refractory to inhibitory Tyr15-phosphorylation, such
as encoded by the cdk1AF allele (31). Because high level ex-
pression of cdk1AF is lethal inU. maydis (31), we introduced
the uku70nar1 conditional allele into a strain carrying an ec-
topic copy of the cdk1AF allele under the control of the weak
constitutive scp promoter (43), which produces low levels
of Cdk1AF, but sufficient to bypass the Wee1-mediated in-
hibitory phosphorylation of Cdk1 (31). We also introduced
the uku70nar1 conditional allele into a control strain carry-
ing an ectopic copy of a wild-type cdk1 allele under the con-
trol of the same promoter. It was evident that the down-
regulation of uku70 expression in the strain carrying the
cdk1AF allele (Supplementary Figure S8A) did not result in
the loss of cell proliferation (Figure 3F).Microscopic exam-
ination of this strain grown in restrictive conditions showed
no accumulation of cells with long buds, again consistent
with bypass of the G2 arrest. Although some cells showed
defects in cell separation (Supplementary Figure S8B), this
is a previously reported consequence of cdk1AF expression,
which is unrelated to uku70 repression (31).
The essential function of Ku depends on the MRN complex
but not on the 9–1–1 complex
The activation of DDR upon Ku depletion suggests that
some type of DNA damage is produced in the cell when
Ku is absent. To clarify the nature of this damage, we dis-
abled two different complexes devoted to signaling different
forms of DNA damage––Mre11-Rad51-Nbs (MRN) com-
plex, which senses DSBs, and 9–1–1 complex, which senses
single stranded DNA that is produced as a consequence of
DNA replication stress or resection (1). To disable the 9–1–1
complex we deleted the rec1 gene, encoding one of the three
components of 9–1–1 (44). Mutants in rec1 were described
before and showed no defects in proliferation (45). To dis-
able theMRN complex we disrupted themre11 gene encod-
ing one of the MRN components (Supplementary Figure
S9) (46). Like the rec1 mutant, the mre11 mutant is viable.
When mutant combinations with the uku70nar1 allele were
generated we found that loss of Mre11 but not Rec1 sub-
stantially suppressed the inviability of uku70nar1 cells (Fig-
ure 4A). Consistent with the growth phenotypes, accumu-
lation of GFP-Chk1 in the nucleus in the uku70nar1 mutant
was not dependent on Rec1 but completely dependent on
Mre11 (Figure 4B and C). In addition, Chk1 phosphoryla-
tion was also abrogated upon Ku depletion in the absence
of Mre11 (Figure 4D) and levels of inhibitory phosphory-
lation in Cdk1 were similar to those found in control cells
(Figure 3D and E). Supporting these findings, we identified
mre11 as one of the genes inactivated in the collection of
mutants able to suppress the lethality of Ku70 depleted cells
by showing that a plasmid carrying a wild-type mre11 al-
lele could complement the UV and HU phenotype (clone
20 in Supplementary Figure S7). Our results contrast with
those obtained in S. cerevisiae yku70mutant cells, where the
observed thermosensitive growth defect was suppressed by
deletion of exo1, but was exacerbated by deletion of mre11
(38).
In summary, since the MRN complex, which detects
DSBs, is disabled by deletion of mre11, we conclude that
the essential role of Ku is tied to protecting DNA ends.
Loss of Ku causes telomere aberrations
Given the strong indication that Ku depletion results in a
form of DNA damage recognized by the MRN complex,
we monitored formation of Rad51 foci to assess the nature
of the damage since Rad51 forms discrete nuclear foci in
response to DSBs. We expressed a Rad51-GFP fusion and
used live-cell imaging to monitor focus formation in Ku de-
pleted cells. Focus formation was evident in the majority
of cells in the population and these foci were located at the
periphery of nucleus (Supplementary Figure S10). In light
of the observations (i) that telomeres in fungi tend to con-
centrate in a single nuclear domain around the nuclear pe-
riphery (47,48), (ii) thatMRN is known to play a conserved
function in telomere regulation (49–51) and (iii) that the Ku
complex is also associated with telomeres and is implicated
in telomere regulation (6), we considered the possibility that
telomeres might be the sites of origin of the DDR activa-
tion.
Therefore, we examined the co-localization of telomeres
and Rad51 foci. As a marker for telomeres we expressed
 at Centro de Inform
aciÃ³n y DocumentaciÃ³n CientÃ-fica on June 8, 2015
http://nar.oxfordjournals.org/
D
ow
nloaded from
 
2144 Nucleic Acids Research, 2015, Vol. 43, No. 4
Figure 3. Down-regulation of Ku genes triggers the DNA damage response. (A) Cell images of UMP111 (wt), UCS43 (uku70nar1) and UCS42 (uku80nar1)
strains carrying a Chk1-3GFP fusion grown for 8 h in permissive (MMD) and restrictive (YPD) conditions. All cells were shown at the same magnification
(Bar: 15 m). (B) Quantification of the cellular response to DNA damage as the percentage of cells carrying a clear nuclear GFP fluorescence signal.
(C) In vivo phosphorylation of Chk1 in response to Ku70 protein depletion. UMP124 (wt) and UMP231 (uku70nar1) cells carrying an endogenous Chk1-
3MYC allele were incubated in YPD (restrictive conditions) for the indicated time. Protein extracts were immunoprecipitated with a commercial anti-MYC
antibody and the immunoprecipitates were subjected to SDS-PAGE and immunoblotting using anti-MYC antibody. Phosphorylated Chk1 migrated as
a smear (brackets) most likely because the presence of multiple species of phosphorylated protein. (D) Levels of Cdk1 inhibitory phosphorylation upon
Ku70 depletion. Protein extracts from the indicated strains (FB1, wt; UCS33, uku70nar1; UCS35, uku70nar1 chk1; UMP218, uku70nar1 mre11) that were
grown in restrictive conditions (YPD) for 8 h were separated by SDS-PAGE. Immunoblots were probed successively with an antibody that recognizes
phosphorylated Cdk1 (-Cdc2-Y15P) and anti-PSTAIRE. (E) Levels of Cdk1 phosphorylation were determined by quantifying the level of antibody
signal using a ChemiDoc unit (Bio-Rad). Signal from the phosphopeptide-specific antibodies was normalized to the amount of phosphorylation in the
control strain (FB1). Differences in loading of samples were corrected by dividing each phosphopeptide-specific antibody signal by the Cdk1 (-PSTAIRE)
antibody signal. Two independent experiments were used to calculate the mean and s.d. (F) Growth of conditional strains in solid medium. Serial 10-fold
dilutions of UCS33 (uku70nar1), UMP221 (uku70nar1 Pscp:cdk1), UMP222 (uku70nar1 Pscp:cdk1AF) cultures were applied to solid rich medium (YPD) and
minimal medium with nitrate (MMD). YPD plates were incubated for 2 days at 28◦C.
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Figure 4. TheMRNcomplex is required for the essential role ofKu proteins. (A) Serial 10-fold dilutions of FB1 (WT),UM210 (rec1), UMP219 (mre11),
UCS33 (uku70nar1), UMP220 (uku70nar1 rec1), UMP218 (uku70nar1 mre11), cultures were applied to solid rich medium (YPD) and minimal medium
with nitrate (MMD). YPD plates were incubated for 2 days and the nitrate plates for 4 days at 28◦C. (B) Cell images of UMP111 (wt), UCS43 (uku70nar1),
UMP223 (uku70nar1 rec1) and UMP224 (uku70nar1 mre11) carrying a Chk1-GFP fusion grown for 8 h in permissive (MMD) and restrictive (YPD)
media. All cells were shown at the same magnification (Bar: 15 m). (C) The percentages of cells carrying a clear nuclear GFP fluorescence signal in the
indicated strainswere quantified. (D) In vivo phosphorylation ofChk1.UMP231 (uku70nar1) andUMP228 (uku70nar1 mre11) cells carrying an endogenous
Chk1-3MYC allele were incubated in YPD (restrictive conditions) or MMD (permissive conditions) for 8 h. Protein extracts were immunoprecipitated
with a commercial anti-MYC antibody and the immunoprecipitates were subjected to SDS-PAGE and immunoblotting using the anti-MYC antibody.
the telomere binding protein Pot1 (19) tagged with cherry
fluorescent protein (Pot1-cherry) and found that it formed
1–2 foci per cell, usually located at the periphery of nu-
cleus (Supplementary Figure S11). We introduced the Pot1-
cherry fusion into cells carrying the Rad51-GFP fusion
as well as the uku70nar1 and uku80nar1 alleles. In control
cells, Rad51-GFP foci were rarely detected, and these foci
rarely co-localized with the Pot1-cherry foci. In contrast, a
high percentage of Ku depleted cells showed Rad51-GFP
foci, and these foci co-localized at high frequency with
Pot1-cherry foci (Figure 5A and B). These results implicate
telomeres as the source of the DDR signal in Ku depleted
cells.
We then directly investigated telomere aberrations by
telomere restriction fragment (TRF) analysis. In Ku de-
pleted cells, we observed a loss of normal TRF distribution
pattern, accompanied by a substantial increase in the het-
erogeneity of TRF lengths, which ranged from <0.5 Kb to
>15 Kb (Figure 5C). The heterogeneous telomere lengths
observed upon Ku depletion as well as the accumulation of
Rad51 at telomeres suggest that depleting Ku in U. may-
dis leads to aberrant structures at telomeres. Supporting
this view, we observed in 2D gels abnormally high levels
of t-circles in Ku depleted cells (Figure 5D). These struc-
tures have been proposed to result from the resolution of
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Figure 5. Depletion of the Ku proteins produced cells with altered telomeres. (A) Live cell analysis of Rad51-GFP and its co-localization with Pot1-
cherry, a telomere marker. Control (wt, UCS57) and Ku conditional (uku70nar1, UCS45; uku80nar1, UCS46) cells were incubated for 8 h in restrictive
conditions (YPD), and images were taken with the corresponding set of filters. Pictures showed DIC and merged image from GFP and cherry fluorescence
of representative samples. Each inset shows a magnified image of a nucleus. Bar: 15 m. (B) Quantification of the percentages of cells showing Rad51 and
Pot1 foci as well as those with co-localization of Rad51 and Pot1. (C) Southern analysis of telomeric restriction fragments. DNAs from the indicated strains
(FB1, wt; UCS33, uku70nar1; UCS30, uku80nar1) grown in restrictive (−,YPD) or permissive (+,MMD) conditions for 18 hwas isolated, digestedwith either
PstI or EcoRI and hybridized with a radioactively labeled telomere-specific probe. (D) Ku conditional cells contain elevated levels of extrachromosomal
t-circles. Two-dimensional neutral/neutral gel electrophoresis analyses of restriction enzyme-digested genomic DNA from the indicated strains (FB1, wt;
UCS33, uku70nar1; UCS30, uku80nar1) grown in restrictive conditions (YPD) for 8 h. After electrophoresis, the DNAs in each gel were transferred to a
nitrocellulose memrbane and hybridized with a radioactively labeled telomere-specific probe. A diagram illustrating the expected arcs for linear genomic
DNA, open-circular DNA (‘t-circle’) and for single-stranded DNA is shown in the upper right corner. Extrachromosomal t-circles in the uku70nar1 and
uku80nar1 blots are marked by arrows.
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telomere-loop junctions (t-loop junctions) by recombina-
tion proteins (52).
Disabling the DNA damage response does not suppress the
formation of altered telomeres
An increase in aberrant telomere structures by recombina-
tion could be the cause or the consequence of the observed
DDR activation upon Ku depletion in U. maydis. To dis-
tinguish between these possibilities we analyzed the telom-
ere lengths in strains with the uku70nar1 conditional allele
as well as with deletions of chk1 or atr1. Even though the
absence of Chk1 or Atr1 suppressed the requirement of Ku
proteins for proliferation, it did not abolish the heterogene-
ity in telomere lengths (Figure 6A). Hence, an intact DDR
pathway is not required for elevated telomere recombina-
tion in cells depleted of Ku.
Telomeres were also examined in strains deleted of rad51,
which encodes a key component in the HR pathway. How-
ever, the lack of Rad51 did not restore normal telomere
lengths (Supplementary Figure S12A) or suppress the re-
quirement of Ku70 protein for proliferation (Supplemen-
tary Figure S12B).
The MRN complex is necessary for recombination-
mediated telomere maintenance in mammals and yeasts
(49–51). Since mre11 deletion suppressed the requirement
of Ku for viability, we also analyzed telomere length in the
double mre11 uku70nar1 mutant. The absence of Mre11
not only suppressed the proliferation defects but also the
altered telomere lengths in the uku70 mutant (Figure 6B).
This result agrees with studies in mammalian cells, where
it has been proposed that Mre11 has a double role in the
response to dysfunctional telomeres, participating in DDR
pathway activation as well as in telomere 3′ end processing
that triggers recombination processes (53).
In mammalian cells the nuclease activity of Mre11 is re-
quired for telomere 3′ end processing but is dispensable
for checkpoint signaling (53). Since we cannot distinguish
whether increased recombination at telomeres is the cause
of DDR activation upon Ku depletion, or whether in-
creased recombination at telomeres and DDR activation
are independent processes, both triggered by Ku depletion,
we thought that inactivating the Mre11 nuclease activity
might help distinguish between these possibilities.We there-
fore constructed a mutant allele (mre11H228N) with a sin-
gle amino acid change in nuclease motif III (Supplemen-
tary Figure S13) analogous to the S. cerevisiaeMre11H125N
mutation, which is known to inactivate the nuclease activ-
ity (46,54,55). Either a wild-type copy of mre11 or the nu-
clease deficient mre11H228N allele was introduced into an
uku70nar1 mre11 strain. In both cases cell viability was lost
upon Ku depletion (Figure 6D) and activation of Chk1 was
restored (Figure 6C). These results show that Mre11 nu-
clease activity is not required for the DDR. However, we
also observed that Mre11 nuclease is not necessary for the
generation of altered telomere lengths following Ku deple-
tion (Figure 6B). In the earliermammalian study, theMre11
nuclease activity was implicated in the removal of 3′ over-
hangs at uncapped telomeres (Deng et al., 2009). Hence, our
results suggest that the telomere defects in the U. maydis
uku70 mutant do not involve this reaction.
Mre11 forms foci at telomeres upon Ku depletion
Regardless whether increased recombination at telomeres
and DDR activation are linked or independent processes,
it is clear that Mre11 plays a prominent role in response to
Ku depletion. This in turn suggests that Ku might normally
inhibit the activity of the MRN complex at telomeres. One
potential mechanism is that Ku inhibits the ability of MRN
complex to interact with telomeres.We examined the associ-
ation ofMre11 at telomeres by live-cell imaging using GFP-
tagged protein and Pot1-cherry as a marker for telomeres.
UponKudepletion, themajority of cells showed colocaliza-
tion of Mre11-GFP and Pot1-cherry (Figure 7). To deter-
mine whether colocalization was dependent on a functional
DDR pathway, we analyzed foci in cells deleted of chk1. In
this case, upon Ku depletion the Mre11-GFP protein still
colocalized with Pot1-cherry. Furthermore, there was no
decrease in the number of telomere-associated Mre11 foci.
These results suggest that the Ku complex inhibits either re-
cruitment or activation of the MRN complex at telomeres
in U. maydis.
DISCUSSION
In this work we report the surprising observation that the
Ku complex is required for cell viability in U. maydis. Our
studies suggest that the apparent essentiality of theKu com-
plex is due to its necessity in preventing a chronic activation
of the DDR pathway, which results in permanent G2 cell
cycle arrest. Disabling the DDR pathway or circumventing
the DDR-responsive cell cycle arrest circuitry by using spe-
cific cell cycle mutants renders the Ku complex dispensable
for proliferation. Rad51 was observed to form foci at telom-
eres uponKu depletion. In addition, there was a substantial
increase in the formation of aberrant telomeres and t-circles
upon Ku depletion, suggesting elevated recombination at
telomeres. However, we observed that in the absence of an
active DDR pathway (i.e. deleting chk1 or atr1), U. maydis
cells tolerate the altered telomeres observed uponKu deple-
tion, indicating that the proliferation defects in Ku mutants
cannot be explained by the telomere aberrations alone. In
conclusion, our results point to unprotected telomeres as
the most likely source of the signal that activates the DDR
pathway in the absence of Ku, explaining the essential role
of the Ku complex in U. maydis.
The Ku complex has been proposed to protect telomeres
from inappropriate degradation and fusion in a number of
organisms, from yeast to human (5–7). Indeed, inactivation
of Ku resulted in altered telomere length in most of the ex-
perimental systems analyzed. Despite dramatic alterations
in the length of telomeres in numerous species lacking Ku,
these cells are able to proliferate.
In budding yeast, yku70mutants showed proliferative de-
fects associated with aG2/Mcell cycle arrest when grown at
high temperatures, which can be alleviated with additional
mutations in genes involved in DDR such as CHK1 and
MEC1, suggesting that, as we have described here, the loss
of Ku proteins in budding yeast also triggers the DDR (38).
Also, similar to what we have described here, in spite of the
ability to suppress the growth defect, deletion of the CHK1
gene does not abrogate the telomere defects associated with
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Figure 6. Disabling the DNA damage response does not suppress the formation of altered telomeres. (A) DNAs from the indicated strains (FB1 (WT),
UCS33 (uku70nar1), UCS35 (uku70nar1 chk1), UCS40 (uku70nar1 atr1), UCS30 (uku80nar1), UCS39 (uku80nar1 chk1), UCS44 (uku80nar1 atr1),
UMP122 (chk1) and UCS1 (atr1)) grown in restrictive (−, YPD) or permissive (+, MMD) conditions for 18 h were isolated, digested with PstI and
hybridized with a radioactively labeled telomere-specific probe. (B) DNAs from the indicated strains (FB1 (WT), UCS33 (uku70nar1), UMP218 (uku70nar1
mre11), UMP235 (uku70nar1 mre11/mre11) and UMP236 (uku70nar1 mre11/mre11H228N) grown in restrictive (−, YPD) or permissive (+, MMD)
conditions for 18 h were isolated, digested with PstI and hybridized with a radioactively labeled telomere-specific probe. (C) In vivo phosphorylation of
Chk1. UMP124 (wt), UMP231 (uku70nar1), UMP228 (uku70nar1 mre11), UMP237 (uku70nar1 mre11/mre11) and UMP238 cells carrying an endoge-
nous Chk1-3MYC allele were incubated in YPD (restrictive conditions) for 8 h. Protein extracts were immunoprecipitated with a commercial anti-MYC
antibody and the immunoprecipitates were subjected to SDS-PAGE and immunoblotted with the anti-MYC antibody. (D) Serial 10-fold dilutions of FB1
(WT), UCS33 (uku70nar1), UMP218 (uku70nar1 mre11), UMP235 (uku70nar1 mre11/mre11) and UMP236 (uku70nar1 mre11/mre11H228N) cultures
were applied to solid rich medium (YPD) and minimal medium with nitrate (MMD). YPD plates were incubated for 2 days and the nitrate plates for 3
days at 28◦C.
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Figure 7. Mre11 forms foci at telomeres upon Ku depletion. (A) Live cell analysis of Mre11-GFP and its co-localization with Pot1-cherry. UMP230
(wt), UMP231 (uku70nar1) and UMP234 (uku70nar1 chk1) cells were incubated for 8 h in restrictive conditions (YPD) and images were taken with the
corresponding set of filters. Pictures showed DIC and merged images from GFP and cherry fluorescence of representative samples. Each inset shows a
magnified image of a nucleus. Bar: 15 m. (B) Quantification of the percentages of cells displaying co-localized Mre11 and Pot1 foci.
the lack of yKu70. However, in striking contrast to our re-
sults, inS. cerevisiae, deletion ofEXO1 but notMRE11 sup-
pressed the growth defects of yku70. Thus, there are clear
similarities as well as obvious differences between the roles
of the Ku complex in the standard budding yeast and their
roles in U. maydis.
In human cells, conditional depletion of Ku86 resulted in
lack of proliferation accompanied by high levels of t-circles
and a precipitous loss of telomere repeats from chromo-
some ends (17). HumanKu86 depletion resulted in p53 acti-
vation, so most likely, the depletion also activates the DDR
(16). In light of our observations, it will be interesting to
determine if the loss of viability of the human Ku86 mutant
also involves checkpoint-mediated cell cycle arrest.
Depleting Ku in U. maydis triggers two processes––cell
cycle arrest as a consequence of the DDR and unsched-
uled recombination at telomeres. We found that Mre11, a
component of the MRN complex, was required for both
processes, which is in agreement with a previous report in
mammalian cells (53). In addition we observed the forma-
tion ofMre11 foci at telomeres upon down-regulation ofKu
expression. These foci are not a consequence of DDR acti-
vation since they are also produced in the absence of Chk1.
On the basis of these observations, we propose that in U.
maydis, Ku prevents excessive recruitment or activation of
the MRN complex at telomeres. We imagine that in the ab-
sence of Ku an abnormally high level of MRN is recruited
to telomeres, thereby signaling checkpoint activation and
triggering unscheduled recombination. Inmammalian cells,
the nuclease activity of Mre11 is dispensable for DDR acti-
vation, but required for a telomere 3′ overhang processing
reaction (53). Our analysis in U. maydis with the equivalent
nuclease-deficient Mre11 variant suggests that this activity
is not only dispensable for DDR, but also not required for
the aberrant telomeric recombination. Hence, removal of
the 3′ telomere overhang may not be involved in generation
of telomere defects in Ku depleted cells.
How can the Ku complex inhibit access of MRN to
telomeres in U. maydis? One possibility is that Ku plays an
independent and direct role, protecting telomeres from un-
scheduled recombination caused by uncharacterized nucle-
ases as was described in the case of Exo1 inS. cerevisiae (56).
A second possibility is that theKu complex inU.maydis col-
laborates with the shelterin complex to protect the telom-
ere. In mammalian cells it has been reported that Ku70 is
able to interact with TRF2 (57), and it has been suggested
that the effects of Ku at human telomeres could bemediated
through its interaction with shelterin (17). Shelterin compo-
nents are evident in theU.maydis genome (19,58), but so far
no characterization of their roles has been undertaken. Fu-
ture research will be needed to address these possibilities.
Assuming that the signal that activates DDR in U. may-
dis upon Ku complex depletion emanates from unprotected
telomeres, it is unclear why in U. maydis there would be no
failsafe mechanism in place to prevent or attenuate DDR
activation. No previous study from any other system has re-
ported that the absence of Ku triggers irreversible DDR in
spite of dramatic effects on telomere homeostasis. Recently
it has been proposed that in human cells, deprotected telom-
eres are able to adopt an intermediate-state that induces
a differential DDR, which does not lead to an immediate
cell cycle arrest unless the problem is finally not resolved
(59). It is conceivable that a mechanism for this flexibility
in the response is not present in U. maydis, and therefore
even a moderate telomere deprotection could induce a full-
blown activation of DDR resulting in the cell cycle arrest.
In other words,U. maydis could be hypersensitive to telom-
ere defects. It is worth noting that in contrast to other well-
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known systems, U. maydis lacks a Chk2/Rad53 ortholog
and therefore relies only on Chk1 as a downstream trans-
ducer of the Ataxia Telangiectasia Mutated (ATM) and
Ataxia Telangiectasia and Rad9 related (ATR) checkpoint
kinases (32,40). It is possible that the postulated inflexibility
in the DDR activation from telomere defects is the conse-
quence of a DDR pathway less subject to fine-tuning.
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